Background. Secondary hyperparathyroidism is frequent in prostate cancer patients with bone metastases, and this condition is worsened by the administration of potent bisphosphonates. Serum parathyroid hormone (PTH) elevation can impair the efficacy of these drugs in terms of survival.
INTRODUCTION
The skeleton is the most frequent site of metastatic disease [1] resulting from prostate cancer. Metastatic cancer cells in the bone microenvironment release cytokines and growth factors that stimulate bone resorption and formation [1, 2] .
The osteoblastic nature of bone lesions from prostate cancer leads to calcium entrapment in bone [3] and secondary hyperparathyroidism in response to the increased calcium demand [4, 5] . Increased serum parathyroid hormone (PTH) levels in prostate cancer patients are further en-hanced by vitamin D deficiency, which is frequent in elderly males [6] .
PTH elevation can adversely affect the natural history of the disease by several mechanisms: PTH increases the availability of cytokines, such as interleukin-6, tumor necrosis factor-␣, and growth factors (transforming growth factor-␤) in the bone microenvironment [7] [8] [9] . These effects may favor an increase in the bone metastatic burden [10, 11] . PTH has an amino-terminal sequence homology with PTH-related protein (PTHrP) [12, 13] , a hormone that stimulates cell growth and inhibits apoptosis in different cell types [14 -16] . PTHrP and PTH bind to the same receptor (PTH/PTHrP receptor) that is expressed in cancer cells [13, 17] .
Bisphosphonates are inhibitors of osteoclast-mediated bone resorption [18] , and zoledronic acid is the most potent bisphosphonate. The efficacy of zoledronic acid against placebo in preventing skeletal-related events (SREs) in bone metastatic prostate cancer patients with hormone-refractory disease was assessed in a randomized, multicenter trial [19] .
The potent osteoclast inhibition induced by zoledronic acid reduces the contribution from bone resorption to calcium homeostasis and may enhance the secondary hyperparathyroidism of prostate cancer patients [5] . In the present study, we explored the prognostic role, in terms of the overall survival outcome, of serum PTH evaluated at baseline and after 3 months of zoledronic acid or placebo treatment in hormonerefractory prostate cancer patients with bone metastases enrolled in the randomized clinical trial previously mentioned [19] . A secondary aim of this study was to conduct an exploratory analysis to assess whether zoledronic acid or placebo varied by PTH status.
MATERIALS AND METHODS

Patients and Study Design
This analysis was based on data from patients enrolled in a randomized, multicenter, double-blind, phase III clinical trial evaluating the safety and efficacy of zoledronic acid in patients with malignant bone disease from prostate cancer (Protocol 039) [19] . The main efficacy endpoint was the occurrence of one or more SREs. Secondary study aims were disease progression in bone and the overall survival outcome.
Patients in the study were randomly assigned to treatment with 4 mg zoledronic acid, 8 mg zoledronic acid, or placebo every 3 or 4 weeks for up to 24 months. During the course of the trial, the 8-mg zoledronic acid dose was reduced to 4 mg to ensure renal safety in all patients.
The current analyses were performed using PTH measurements at baseline and a 3-month assessment; follow-up was up to 24 months.
Patient Evaluation
Urine specimens (from a morning second void) and a venous blood sample were collected to measure biochemical markers of bone metabolism and serum PTH in all patients at baseline, 1 month after enrolment, and then every 3 months. The urinary N-telopeptide/creatinine ratio (NTX) was used to assess bone resorption activity, and serum bone-specific alkaline phosphatase (BAP) was used as an indicator of bone formation. A central laboratory (Mayo Medical Laboratories, Rochester, MN) performed measurements of urine and serum biochemical markers of bone metabolism for all patients.
Serum PTH was considered as a continuous variable or categorized both as normal (Յ5.2 pmol/L) or supranormal (Ͼ5.2 pmol/L), with cutoffs corresponding to the approximate upper limit of normal (ULN) in age-matched healthy male individuals and according to quartile distribution.
Quality-of-life parameters included a pain score, assessed using the Brief Pain Inventory completed by patients every 6 weeks, Eastern Cooperative Oncology Group (ECOG) performance status score, scores from two quality of life questionnaires (Functional Assessment of Cancer Therapy-General and EuroQol), and analgesic scores recorded by the investigator on the basis of the type of pain medication administered.
Statistical Methods
Logistic regression analysis was used to assess, in multivariate analysis, the independent factors predicting PTH elevation.
Cox regression analysis was used to assess the impact of the PTH value either at baseline or at 3 months on the risk for death among patients receiving zoledronic acid or placebo [20 -22] . Both univariate models, which examined one factor at a time, and multivariate models, which examined multiple factors at the same time, were used. A full multivariate model was fit by including all factors simultaneously, and a reduced model was identified by eliminating factors that were not independently associated with survival. The reduced model therefore identified the factors that were independently associated with survival outcome. In the multivariate models, cancer duration, age, ECOG score, hemoglobin level, elevated lactate dehydrogenase (LDH), bone pain index composite pain score, prior SREs, lymph node metastases, visceral disease (lung, liver, brain, pleura, skin, eye, or other metastases versus none), analgesic consumption (minor analgesic, tranquilizers and antidepressants, mild narcotics, or strong narcotics versus none), and baseline serum creatinine, serum albumin, serum calcium, serum prostate-specific antigen (PSA), serum BAP, and NTX were controlled to assess the independent prognostic role of elevated PTH level at baseline. When analyses to assess the independent prognostic role of serum PTH after 3 months were conducted, the following variables were added to the previous ones: 3-month serum PSA level, 3-month urinary NTX, and 3-month serum BAP. In the analyses reported, events were counted from the time of randomization until the end of the scheduled follow-up, censoring, or death, in which case the 3-month PTH value could have been recorded after the clinical event. Note that, in the last analyses, we restricted attention to patients who survived to the 3-month assessment. For both the univariate and multivariate models, relative risks were computed comparing elevated with normal PTH levels for baseline evaluations, whereas the second, third, and fourth quartiles of PTH levels to the first quartile level were considered for the 3-month evaluation. In addition, a global three degree of freedom test was conducted to test the effect of the 3-month PTH level. Homogeneity tests of the null hypothesis of a 
RESULTS
Six hundred forty-three patients were enrolled in this trial. Six hundred twenty-five (97.2%) had serum PTH levels assessed at baseline, 503 (78.2%) had serum PTH levels assessed both at baseline and at 3 months. The distributions of patient demographics, disease characteristics, prognostic markers, bone turnover markers, and serum PTH levels in cases overall and in the placebo and zoledronic acid arms are outlined in Table 1 . Baseline serum PTH was significantly associated with age. Using tertiles to categorize patient age at baseline, supranormal PTH levels were seen in 24 of 204 (11.8%) patients in the first age tertile (Ͻ69 years of age), 29 of 180 (16.1%) patients in the second tertile (69 -75 years of age), and 59 of 241 (24.5%) patients in the third tertile (Ն75 years of age) (p ϭ .0022).
Prognostic Role of Elevated Serum PTH Level at Baseline
Elevated serum PTH at baseline in patients treated with zoledronic acid was significantly correlated with a higher risk for death in both the univariate analysis (hazard ratio [HR], 1.483; 95% confidence interval [CI], 1.077-2.041; p Ͻ .02) and multivariate analysis (HR, 1.448; 95% CI, 1.045-2.006; p Ͻ .03) after adjusting for commonly recognized prognostic markers and bone turnover markers ( Table 2 ). The median time to death among zoledronic acid-treated patients with elevated PTH levels was 376 days (95% CI, 332-494 days), and for those with a PTH level Յ5.2 pmol/L, it was 572 days (95% CI, 496 -670 days). The respective medians for placebo-treated patients were 501 days (95% CI, 199 to no upper limit) and 493 days (95% CI, 385-637 days), respectively. An elevated serum PTH level at baseline in the placebo arm was 
Efficacy of Zoledronic Acid Treatment over Placebo in Patients Stratified According to Baseline PTH Status
Zoledronic acid administration resulted in a nonsignificant greater survival benefit overall (Fig. 1) [19] , but analyses according to patient baseline PTH status revealed a suggestive trend toward a lower risk for death in patients receiving zoledronic acid administration than in those receiving placebo among patients with a normal baseline serum PTH level (HR, 0.81; 95% CI, 0.65-1.01; p ϭ .065) and a nonsignificant higher risk for death in patients with supranormal baseline PTH levels (HR, 1.45; 95% CI, 0.87-2.39; p ϭ .151). These two HRs were significantly different based on a test of homogeneity (p ϭ .040).
Factors Predictive of Increased PTH Level after 3 Months of Zoledronic Acid Administration
A multivariate logistic regression analysis was performed to identify categorical baseline factors that were predictive of PTH elevation after 3 months of zoledronic acid administration. Cancer duration (odds ratio [OR], 0.84; 95% CI, 0.75-0.94; p ϭ .0019) and hemoglobin value (OR, 0.33; 95% CI, 0.17-0.63; p ϭ .0008) were the two independent factors negatively associated with 3-month PTH elevation, whereas a baseline serum PSA level above the ULN (OR, 5.13; 95% CI, 1.01-26.07; p ϭ .0489), baseline serum NTX Ͼ64 nmol/mmol (OR, 6.39; 95% CI, 3.26 -12.52; p Ͻ .0001), and baseline serum PTH level Ͼ2.8 pmol/L (OR, 4.85; 95% CI, 2.51-9.37; p Ͻ .0001) were the independent factors positively associated with 3-month PTH elevation. Other potential independent 
Prognostic Effect of Serum PTH after 3 Months on Zoledronic Acid Efficacy
The prognostic effect of serum PTH (categorized according to quartile distribution) after 3 months of zoledronic acid treatment on the overall survival outcome is reported in In placebo-treated patients, the serum PTH level after 3 months failed to correlate with the risk for death in both the univariate and multivariate analyses (data not shown). 
DISCUSSION
Elevated serum PTH levels are frequent in bone metastatic prostate cancer patients, and this condition can be stimulated by zoledronic acid administration [4] . Secondary hyperparathyroidism can adversely influence the natural history of the disease, but to our knowledge this hypothesis has never been explored. In the present study, elevated serum PTH level at baseline had a significant negative impact in zoledronic acidtreated patients in the multivariate analysis adjusting for major prognostic parameters and bone turnover markers, but this was not seen in placebo-treated patients. A possible explanation for this discrepancy is that zoledronic acid treatment consistently enhances serum PTH elevation and the higher PTH levels attained after zoledronic acid can have a negative prognostic role. Vitamin D deficiency could be a key factor responsible for PTH elevation in prostate cancer patients with metastatic bone disease, suggesting that secondary hyperparathyroidism in these patients is a biochemical hallmark for insufficient vitamin D status. Unfortunately, vitamin D was not measured in the patients enrolled in this trial and this represents a limitation. Vitamin D deficiency or insufficiency is a potential confounder in the interpretation of these study results. Vitamin D, in fact, exerts potent antiproliferative effects on normal cells and cancer cells [23] , and hypovitaminosis D is associated with a higher risk for death from prostate cancer [24] .
Noteworthy is the fact that a divergent effect of zoledronic acid on overall survival was observed when stratifying patients according to baseline PTH level. A trend close to statistical significance of a better survival outcome in favor of zoledronic acid treatment over placebo was observed in patients with normal PTH levels, but an opposite tendency was observed in patients with elevated PTH levels. The two HRs were significantly different using a test for heterogeneity. The antineoplastic effect of zoledronic acid administration has been shown in preclinical and clinical studies [25] . We suggest that, for the present study, the antitumor effect of zoledronic acid in prostate cancer patients could have been masked by a preexisting condition of an elevated serum PTH level, implying that the correction of secondary hyperparathyroidism using adequate vitamin D supplementation can potentially increase zoledronic acid efficacy.
Serum PTH increased significantly after zoledronic acid treatment despite vitamin D supplementation at 400 IU daily. Forty-one percent of patients with normal PTH values at baseline had elevated PTH levels after 3 months of zoledronic acid treatment, versus 5% of patients receiving placebo. Among the independent factors predictive of a PTH increase in the multivariate logistic analysis, the direct relationship with serum PSA and with urinary NTX and the inverse relationship with blood hemoglobin suggest a contribution of the disease extent in bone.
Data on the relationship between the serum PTH level measured after 3 months and prognosis are less impressive than those of PTH measured at baseline. An elevated PTH level after 3 months of zoledronic acid treatment was significantly correlated with a poor prognosis in the univariate analysis, but it failed to show a relationship with the survival outcome in the multivariate analysis. It should be noted, however, that (a) because of early death and missing values, a lower number of patients were included in the model and (b) the HR for death of the fourth quartile was close to attaining statistical significance.
CONCLUSION
This study shows, for the first time, that serum PTH status has a negative prognostic role in hormone-refractory prostate cancer patients undergoing zoledronic acid administration. Caution should be adopted in generalizing results emerging from an unplanned analysis, and a potential confounder in this analysis is vitamin D deficiency itself.
These limitations notwithstanding, these data have several implications: (a) vitamin D and PTH status should be assessed before zoledronic acid administration and regularly monitored afterwards, (b) the calcium and vitamin D supplementation performed in this study was inadequate to control PTH elevation under zoledronic acid administration and could be increased on an individual basis, (c) baseline PTH levels should not simply be considered a predictive factor for zoledronic acid efficacy, and (d) elevated PTH may be a target for vitamin D supplementation. The survival improvement obtained with zoledronic acid in the patient subset with normal baseline PTH levels suggests that the efficacy of this drug could be improved if secondary hyper- Analyses according to patients' baseline parathyroid hormone (PTH) status revealed opposite trends-a nonsignificant lower risk for death was seen in patients receiving zoledronic acid, compared with placebo, among those with a normal serum PTH level, and a nonsignificant greater risk for death was seen in patients with supranormal baseline PTH levels (test of homogeneity, p ϭ .040).
parathyroidism is effectively counteracted. A trial testing this hypothesis would be of great value. 
